Abstract: OBJECTIVE: To validate the i-STAT, a portable hand-held analyzer that allows point-of-care measurement of blood gases, acid-base, lactate, and other blood variables in food animal practice for analysis of blood samples of newborn calves. DESIGN: Prospective observational study. SETTING: University teaching hospital. MEASUREMENTS AND MAIN RESULTS: A total of 271 venous blood samples were analyzed for PvO2 , PvCO2 , pH, base excess (BE), HCO3 , venous saturation of oxygen (SvO2 ), and total carbon dioxide (TCO2 ) using an i-STAT and a Rapidlab 248 bench top analyzer that served as the reference method. l-lactate was measured using the i-STAT as well as photometrically. Results from the i-STAT and the reference methods were compared. The analytes BE, HCO3 , and TCO2 showed a constant systematic error across the entire range with 2.3, 1.9, and 2.0 mmol/L lower values, respectively, than the values measured by the reference method. Based on the combined inherent imprecision of the 2 analyzers and after correcting the influences of systematic errors, the PvO2 , HCO3 , and SvO2 were within the acceptable limits in 76% to 91% of the cases. Ninety-five percent of the measurements of PvCO2 and BE were within acceptable limits. CONCLUSIONS: The overall performance of the i-STAT was good except for BE, HCO3 , and TCO2 , thus limiting its usefulness in clinical studies. However this hand-held device allows rapid, reliable, and accurate point-of-care blood analyses and thus can be useful in bovine practice. Objective -The purpose of this study was to validate the i-STAT, a portable handheld analyzer that 7 allows point-of-care measurement of blood gases, acid-base, lactate and other blood variables in food 8 animal practice for analysis of blood samples of newborn calves. 9
Introduction 25
Perinatal calf mortality is an increasing problem globally. 1 The majority of perinatal deaths occur during 26 or within 24 hours of birth and the most common cause is asphyxia during parturition. 2 In addition to 27 hypoxia, calves suffer from hypercapnia of arterial and venous blood and mixed respiratory and metabolic 28 acidosis. 3 Resolution of this type of acidosis is critical for the survival of calves. 4 Until recently, accurate 29 determination of acid-base status could only be achieved in a hospital setting, and the severity of acidosis 30 in the field was therefore estimated using various clinical variables. [5] [6] [7] However, the introduction of 31 handheld devices such as the i-STAT analyzer a has allowed patient-side analysis of certain variables in a 32 variety of animal species including humans. [8] [9] [10] [11] The i-STAT has been used to evaluate blood samples from 33 a limited number of adult healthy cattle, but not calves with acidosis. 12 The goal of the present study was 34 to analyze blood gases, acid-base status and L-lactate concentration in venous blood using the i-STAT in 35 newborn calves with mixed respiratory-metabolic acidosis and compare the results with those from a 36 conventional blood-gas analyzer. 37 38 39
Materials and Methods 40

Blood samples 41
Forty-six calves delivered by Caesarian section (n = 28) or naturally using light manual traction (n = 18) at 42 the teaching hospital, were used in the study. The births occurred over a 20-month period. The 46 calves 43 comprised 22 Swiss Braunvieh, 8 Holstein Friesian, 9 Red Holstein, 5 Simmental and 2 Limousin calves, 44
and there was one set of twins. Thirty calves were male and 16 female and the average body weight of the 45 calves was 45.5 ± 6.3 kg. The dams had been referred from private practice because of dystocia, werepatients in the clinic at the time of calving, or belonged to the university and were shipped to the hospital 47 for calving. Based on the initial venous blood pH measured with the reference method, acidemic calves (n 48 = 15) with a blood pH < 7.2 were treated with intravenous administration of sodium bicarbonate solution 49 (600 mmol Na + HCO 3 -per 1000 mL) within 15 minutes of birth. 13 The amount was calculated using the 50 formula: 51 mmol sodium bicarbonate = (-base excess) x 0.5 x kg body weight. 52
Blood samples were collected from the left or right jugular vein immediately after birth using a 53 needle b (1.2 x 40 mm). Subsequent samples were collected through an indwelling 1.8 x 16 mm jugular 54 venous catheter, c which was placed after shaving and cleaning the skin with alcohol. The catheter was 55 secured to the skin with non-absorbable suture material.
d Before blood collection, 3 mL of blood was 56 removed from the catheter using a syringe. Each blood sample was collected into a blood gas syringe that 57 contained calcium-balanced lithium heparin in a concentration of 50 IU/mL blood.
e Gas bubbles were 58 removed and the blood stored at room temperature and analyzed with both analyzers within 15 minutes of 59 collection. After blood collection, the catheter was rinsed with 3 mL isotonic NaCl solution f with 10 60 IU/mL added heparin.
g Blood samples for determination of L-lactate concentration were collected into 61 vacuum tubes containing sodium fluoride h and centrifuged, and the harvested plasma was stored at -20° C 62 for further analysis. In 16 patients, blood was collected 0, 20, 40 minutes and 1, 2, 4, 12, 24, 48 and 72 63 hours post natum. In the remaining 30 calves, blood was collected at birth and 20, 40 and 60 minutes post 64 natum. The only time L-lactate was not determined was 20 minutes post natum. Because 9 samples were 65 not collected, there were 271 samples evaluated with the i-STAT and the reference blood gas machine, 66 and 225 samples were evaluated for L-lactate with the reference method. 67
Hand-held analyzer 68
The i-STAT is a hand-held, portable, battery-powered point-of-care analyzer. It has an integrated 69 thermometer, barometer and memory for the last 50 measurements, which are displayed on a screen and 70 can be uploaded to a printer. The analyzer consists of a handheld machine and single-use cartridges that 71 combine various miniaturized microsensors, a single-point calibration system, fluid channel, and waste 72 chamber. The type CG4+ cartridge used in the present study allowed the measurement of pH, PCO 2 , PO 2 , 73 and the concentration of L-lactate (mmol/L). From these results, the following variables were calculated: 74 oxygen saturation (sO 2; %), HCO 3 , base excess (BE; mmol/L), and total carbon dioxide (TCO 2 ; mmol/L). 75
The cartridge includes biosensor chips for determination of direct ion-selective potentiometry (pH, PCO 2 ), 76 amperometry (PO 2 ), and enzyme-based amperometry (L-lactate). Approximately 60 µl of blood was 77 placed in a preformed sample entry well in the cartridge, which was then inserted in the analyzer. The 78 analyzer started automatically after insertion of the cartridge, ran a test program, underwent self-79 calibration, warmed the sensors to 37°C, and then analyzed the blood sample. Test results were displayed 80 on the screen 120 seconds later. 81
Blood pH was measured by direct potentiometry and the reportable range was 6.50 to 8.20. 
Reference methods 104
Concurrent measurements were conducted of all samples using the Rapidlab 248 blood gas 105
analyzer.
i For direct comparison of blood gas values, the default temperature of analysis of the Rapidlab 106 248 of 37°C was not adjusted to the body temperature of the patients because the temperature setting of 107 37°C cannot be changed in the i-STAT. 108
Blood gas analyzer 109
The Rapidlab 248 is a bench top blood-gas analyzer, which uses sensor electrode technique to measure 110 pH, PCO 2 , PO 2 , and the variables calculated by the i-STAT. The test sample is introduced into the 111 analyzer semiautomatically via an aspiration needle. After an analysis time of 45 seconds the results are 112 displayed on a screen as well as on a print out. Quality controls were conducted twice weekly with at least 113 2 of the 3 levels of control. 114
Blood pH is measured within a range of 6.00 -8.00, which corresponds to a proton concentration 115 of 10.0 -997.7 nmol/L. The pH sensor uses ion-selective electrodes and forms the half-cell that 116 supplements the external reference sensor. The difference in potential between the two sensors reflects the 16,17 Pearson´s coefficient of 152 correlation (r), bias (mean of the difference), intercept, and slope with 95% confidence intervals were also 153 calculated. Correlations with r ≥ 0.9, between 0.7 and 0.9, between 0.7 and 0.5 and <0.5 were defined as 154 very strong, strong, moderate, and weak, respectively. A P-value < 0.0001 was considered significant. 155
Agreement and clinical relevance 156
To determine agreement of the analyzers the inherent imprecision of both methods (i c ) were calculated 157 using the formula
The difference between the i-Stat and Rapidlab 248 is 158 then expected to be within the interval of 0 ± 1.96 *CV* mean in 95% of the measurements. To minimize 159 the effect of systematic differences and to transfer the reference intervals (mean ± 2sd) for newborn calves 160 obtained from the Rapidlab 248 in a previous study to the i-STAT the differences of the mean were used 
Results
175
Within-run precision 176
Means, standard deviations, and CVs of the 15 serial i-STAT measurements of all variables are shown in 177 Table 1 . BE had by far the largest variation and the pH the smallest. 178
Comparison between i-STAT and Rapidlab 248 179
Results of comparison between the i-STAT and the Rapidlab 248 reference method are shown in Table 2 Table 2 . In 6 of all samples, the i-STAT failed to generate a result for L-lactate. 189
There was only a minor systematic error for PCO 2 , whereas for PO 2 there was a systematic error 190 The difference between the measurements of the pH was within the limits in 94.1% and of the sO 2 within 207 80.9% of the cases (Table 3) . 208
It is critical for clinical assessment of a patient that values exceeding the reference range be correctly 209 identified. Several values that exceeded the reference range were not correctly identified by the i-STAT as 210 being above the reference range (Table 4) Point-of-care-testing is commonplace in veterinary clinics but less common and more complicated in the 219 field. Transportation of patient samples to a laboratory is costly and time consuming and causes a delay in 220 specific treatment. This is particularly disadvantageous in farm animal neonatology because emergencies 221 associated with dystocia are common. Affected calves often have marked hypoxia associated with mixed 222 respiratory-metabolic acidosis, referred to as asphyxia. This condition can be life-threatening. Formulating 223 a prognosis is feasible clinically but accurate assessment of the degree of acidosis is not possible.
7,21 224
Measuring pH accurately is critical because this is used to calculate the amount of buffer solution needed 225 to treat the neonate, to shorten the period of acidosis and thus to alleviate its deleterious effects.
226
Furthermore, the clinician must have confidence that the measurements from a point-of-care blood gas 227 analyzer are correct. The i-STAT has been used for blood gas and acid-base measurements in newborn 228 calves 23 and has been validated for use in adult cattle. 12 This analyzer has not been validated for acidemic 229 newborn calves, which commonly have massive derangements in blood gas and acid-base variables to a 230 degree that is rare in adult cattle. 231
Within-run precision of the i-STAT was high for all variables except BE, which had a CV of 232
82.2%. This may have been because the i-STAT only reports BE as integers. Most measurements were 233
between -10 and 10 and it is therefore possible that rounding the results to the nearest one caused large 234 differences between individual serial measurements. The same effect could possibly have caused the 235 relatively large CV of sO 2 (12%). Because values for sO 2 were larger than BE by one order of magnitude, 236 the effect of rounding was less pronounced. 12 One reason for the relatively low correlation 270 coefficient for sO 2 could be the relatively low correlation coefficient for PO 2 because the latter is used for 271 the calculation of the former. The proportional systematic error that led to underestimation of values by 272 the i-STAT with increasing sO 2 saturation could be another factor. The difference between the two 273 measuring methods is reflected by the bias, which was the largest of all variables, although this could also 274 have been caused, at least in part, by the different formulae used for calculation of sO 2 . The Bland-Altman 275 scatterplot for sO 2 revealed a large variation of the differences and wide limits of agreement, which are 276 compatible with a random error in addition to a systematic error. The random error could be related to the 277 different calculations used for sO 2 because HCO 3 concentration and BE are used in the i-STAT and 278
Rapidlab 248, respectively, both of which had larger variations of the differences than the other variables. 279
The reasons for this could not be determined in our study. 280
Although correlation between measurements of the i-STAT and reference method was generally 281 good or excellent, differences identified between the two methods underline the need for validation of new 282 blood analyzers for different patient populations and different clinical problems. These differences 283 between the measurements of the i-STAT and the reference method in the acceptance limits based on the 284 inherent imprecision of both methods were evident in all but one variable (BE), in which the limits in BE 285 were unacceptably wide. This disagreement between the two methods was particularly evident in the 286 variables pH and L-lactate. Therefore the results of the i-STAT and the reference methods were not 287 interchangeable in all variables. Since systematic differences were observable the differences of the means 288 were used for adjusting the values measured by the i-STAT. Less than 12% of the values were thus 289 outside the limits in all variables except L-lactate. Hence, the results of i-STAT should be used with 290 caution in a research study. Even the adjustment of the values obtained from the i-STAT did not lead to an 291 agreement, which is required for a study or the establishment of reference intervals. 20 However, in a 292 clinical setting differences calculated by using the imprecision of the analyzers are of minor clinical 293 importance. A small disagreement such as in the pH of ± 0.02 can be considered clinically irrelevant. 294
Differences larger than the sd of the measurements in healthy newborn calves could compromise a correct 295 interpretation. For example, the bias of 2.3 mmol/L for BE could potentially lead to incorrect clinical 296 interpretations. As a general rule, treatment of asphyxic neonatal calves is recommended when the pH is < 297 7.2 and BE < -5 mmol/L; 25 however, due to the bias for BE a number of measurements from the i-STAT 298 yielded false low levels. The 15 calves that were treated based on pH and BE values from the reference 299 method would also have been treated based on i-STAT results, but the hand-held analyzer would also have 300 led to the treatment of 12 other calves. Most of the values of these calves just barely undercut the lower 301 reference limit. It is therefore possible that small systematic errors and using 37°C as default temperature 302 of analysis could generate an i-STAT value below the limit, because the reference range used in this study 303 was established from temperature corrected values. However, it is unlikely that treating these calves 304 would have a detrimental effect, because they also suffering from a metabolic acidosis. 
